Polyamines are ubiquitous components of all living cells, and their depletion usually causes cytostasis, a strategy employed for treatment of West African trypanosomiasis. To evaluate polyamine depletion as an anti-malarial strategy, cytostasis caused by the co-inhibition of S-adenosylmethionine decarboxylase/ ornithine decarboxylase in Plasmodium falciparum was studied with a comprehensive transcriptome, proteome, and metabolome investigation. Highly synchronized cultures were sampled just before and during cytostasis, and a novel zero time point definition was used to enable interpretation of results in lieu of the developmentally regulated control of gene expression in P. falciparum. Transcriptome analysis revealed the occurrence of a generalized transcriptional arrest just prior to the growth arrest due to polyamine depletion. However, the abundance of 538 transcripts was differentially affected and included three perturbation-specific compensatory transcriptional responses as follows: the increased abundance of the transcripts for lysine decarboxylase and ornithine aminotransferase and the decreased abundance of that for S-adenosylmethionine synthetase. Moreover, the latter two compensatory mechanisms were confirmed on both protein and metabolite levels confirming their biological relevance. In contrast with previous reports, the results provide evidence that P. falciparum responds to alleviate the detrimental effects of polyamine depletion via regulation of its transcriptome and subsequently the proteome and metabolome.
Polyamines such as putrescine, spermidine, and spermine are small organic compounds containing two or more amino groups. At physiological pH, these polycations interact electrostatically with numerous anionic macromolecules, thereby stabilizing DNA, RNA, nucleoside triphosphates (e.g. ATP), phospholipids, and proteins (1, 2) . These interactions with polyamines can alter DNA conformation, regulate replication and transcription, strengthen membranes, regulate ion channels, and protect DNA and phospholipids from oxidative stress (1) (2) (3) (4) (5) . Yet polyamines are also implicated in apoptosis (5) . Polyamine depletion generally causes cytostasis or growth arrest, which implies that these molecules are involved in cell cycle progression and regulation, and it is speculated that polyamines regulate cyclin degradation (1, 6, 7) . Therefore, polyamines are essential for cellular growth, differentiation, and macromolecular synthesis and are ubiquitous components of all living cells, except two orders of Archaea (1) . Polyamine metabolism is particularly important in rapidly proliferating cells and has been exploited in the treatment of cancer (1) and parasitic diseases (8) . Polyamine metabolism of the malaria parasite Plasmodium falciparum is also a potential target for therapeutic intervention (9, 10) .
Polyamine and methionine metabolism are closely connected. This is particularly evident in Plasmodium where the two rate-limiting enzymes of polyamine biosynthesis, ornithine decarboxylase (ODC) 2 and S-adenosylmethionine decarboxylase (AdoMetDC), form a single bifunctional protein (PfAdoMetDC/ODC, PF10_0322 (11) ). ODC inhibition decreases putrescine levels in P. falciparum, whereas AdoMetDC inhibition decreases the levels of both spermidine and spermine (12, 13) . The unique bifunctional nature of this complex could lead to the selective treatment of malaria. Inhibition of either ODC or AdoMetDC of P. falciparum in vitro causes cytostatic arrest in the trophozoite stage of the intraerythrocytic developmental cycle (IDC), but it does not cure Plasmodium berghei-infected mice in vivo (12, 14, 15) . This is possibly because of exogenous polyamine salvage from the host (16) . However, when ODC, AdoMetDC, and exogenous polyamine import are inhibited by the combination of bis(benzyl)polyamine analogues and DL-␣-difluoromethylornithine (DFMO), 100% of P. berghei-infected mice were cured (17) . A polyamine transporter has not yet been identified in the P. falciparum genome, but a drug combination selectively inhibiting both polyamine biosynthesis and transport may provide a promising anti-malarial strategy (16) .
Transcriptional profiling can be used to assess the response of cells or organisms to environmental stress and to identify feedback mechanisms, alternative pathways, and metabolic buffering systems activated to cope with a perturbation (18, 19) . This approach was applied with great success in the case of Mycobacterium tuberculosis, revealing transcriptional signatures specific to the mode-of-action for several antimycobacterial drugs (20) . However, the correlation of perturbation-specific events in the transcriptome of the malaria parasite has been limited to a few studies (21) (22) (23) (24) (25) , and support for a more prominent role of post-transcriptional control in plasmodial gene regulation is mounting (26 -29) .
Reported here is a comprehensive functional genomics investigation of P. falciparum during cytostasis after the coinhibition of both catalytic sites of PfAdoMetDC/ODC with selective enzyme-activated, irreversible inhibitors (30) . Cautious experimental design enabled transcriptional profiling and revealed very prominent polyamine metabolism-specific compensatory responses induced in the parasite to circumvent the perturbation. Convincingly, these were subsequently confirmed by proteomic and metabolomic analyses. This study therefore indicates that perturbation-specific events can be observed in the P. falciparum transcriptome and clearly links this to regulation in the parasite proteome and metabolome.
EXPERIMENTAL PROCEDURES
Parasite Cultures-Parasite culturing and sampling for the transcriptomics, proteomics, and metabolomics occurred independently, but perturbation conditions were replicated in terms of the parasite population, treatment, and sampling times. 3D7 P. falciparum parasites were cultured and synchronized (for three generations) according to established methods (31, 32) . Parasites were treated in the late schizont stage (42 h post-invasion (hpi)) with 5 mM DFMO (IC 50 ϭ 1 mM) and 5 M 5Ј-{[(Z)-4-amino-2-butenyl]methylamino}-5Ј-deoxyadenosine (MDL73811, IC 50 ϭ 1 M) to ensure complete parasite arrest to prevent parasites escaping cytostasis and causing asynchrony (14) . At these dosages the combined drug effect was additive and cytostatic (12, 14) , but complete enzyme inhibition was confirmed with radiolabeled substrate assays (see below). DFMO was kindly provided by P. Woster (Wayne State University, MI) and MDL73811 by Sanofi-Aventis. A preceding small scale morphological study was performed to determine the exact sampling times, just before and during growth arrest. For the actual experiments treatment was performed in duplicate (i.e. two biological replicates, A and B) alongside untreated controls. Drug treated (T) and untreated (UT) cultures, at about 8 -10% parasitemia and 2-3% hematocrit, were harvested at three time points within the trophozoite stage (t 1 ϭ 19 hpi, t 2 ϭ 27 hpi, and t 3 ϭ 34 hpi), based on the morphology of untreated parasites after microscopic inspection of Giemsa-stained thin smears. Culture medium (with and without drug) was replaced halfway through the time course but before the first sampling, to prevent metabolic stress of the parasites.
Radiolabeled Substrate Decarboxylase Assays-To ensure complete enzyme inhibition and presumably arrest of the cultures at the specified dosages, AdoMetDC and ODC activity of DFMO/MDL73811-treated and untreated cultures sampled at t 1 ϭ 19 hpi and t 3 ϭ 34 hpi were assessed as described (33) , with uninfected erythrocytes as negative controls.
RNA Isolation and Microarray-Total RNA was isolated from frozen phosphate-buffered saline-washed pellets from 15-ml culture samples (two biological replicates) with the Qiagen RNeasy kit, using a modified protocol including TRI Reagent (Sigma) in the lysis step. Contaminating genomic DNA was removed with DNase I (Qiagen). A reference RNA pool was prepared from all three treated and untreated time points, including both sets of biological replicates. First strand cDNA synthesis was initiated from 12 g of total RNA with 775 pmol of random primer 9 (New England Biolabs) and 250 pmol of oligo(dT) 25 by incubation at 70°C for 10 min followed by cooling on ice for 10 min. Reverse transcription and amino-allyl incorporation were performed at 42°C as described (34) , but the reaction was performed overnight using 480 units of SuperScript III (Invitrogen). Contaminating RNA was removed by hydrolysis with 0.5 M EDTA and 1 M NaOH at 65°C for 15 min, and the reactions were purified with the Wizard SV Gel and PCR Clean-Up system (Promega). The cDNA obtained was divided into aliquots of 2 g each, and where possible two technical array replicates were performed. The 2 g of cDNA was coupled to either Cy3 (reference pool) or Cy5 (samples) at pH 9.0 (Amersham Biosciences). Free dye was removed with DNA Clean and Concentrator-5 columns (Zymo Research). DeRisi style 70-mer oligonucleotide arrays (34) were spotted in-house at the Lewis-Sigler Institute Microarray Facility (Princeton University). Post-processing, overnight hybridization at 65°C, and washing were performed as described (34) . Twenty arrays were scanned with an Axon GenePix 4000A scanner, and the images were analyzed with GenePix Pro 6.0 software (Axon Instruments).
Microarray Data Analysis-The GenePix default flagging parameters were applied in combination with visual inspection to assess spot quality, and flagged values received a zero weight. Array data were stored in the Princeton University Microarray data base and the NCBI Gene Expression Omnibus (35) , accession number GSE13578. Exploratory data analysis was performed using CLUSTER and TREEVIEW software (36) . Data were normalized, log transformed, and mean centered in Princeton University Microarray data base and ordered according to the phase of expression (37, 38) . Pearson correlation coefficients (r) were calculated in Excel. For differential abundance analysis, data quality and normalization methods were evaluated using data diagnostic tools from the MARRAY software package (39) in R on GenePix data. Background subtraction (offset ϭ 50) and robust spline normalization were applied within each array, followed by Gquantile normalization between arrays because of the reference array design of the experiment. Differential abundance analysis was performed with linear models for microarray data (LIMMA) analysis within R (40, 41) . With a common reference design LIMMA is similar to ordinary analysis of variance or multiple regression except that a linear model is fitted to the data for every oligonucleotide. Significance was calculated with moderated t statistics using a simple Bayesian model to make the analyses robust even for a small number of arrays (41) . Differential abundance was calculated compared with UT t1 , defined as relative time 0 (t 0 ). Genes in at least one treated time point with transcript abundance greater than 1.7-fold (log 2 ratio Ն0.75 or Յ Ϫ0.75) in either direction compared with relative t 0 , and p values (adjusted for multiple comparison false discovery rate) of less than 0.05, were regarded as differentially affected. Data within these limits of transcripts represented by multiple oligonucleotides were averaged. The differentially affected transcripts were classified into functional groups using gene ontology terms obtained from DAVID (42) and PlasmoDB 5.3 (43) . Furthermore, the transcript data were compared with the PlasmoDB 5.3 general feature format file to search for clusters of adjacently located genes with differentially affected transcripts, where a cluster was regarded as q4 or more genes within a window of six adjacent genes.
Microarray Validation with Real Time PCR-The differential abundance analysis was validated using a LightCycler 1.5 and FastStart DNA MasterPLUS SYBR Green I kit (Roche Applied Science). Six transcripts of interest were amplified, three transcripts with increased (PFL1885c, PFD0285c, and PFF0435w) and three with decreased (PF08_0131, PFD0830w, and PFI1090w) abundance. Starting levels across different samples were equalized relative to a putative cyclophilin (PFE0505w), which remained unchanged in the array data as well as in the IDC transcriptome (38) .
Protein Extraction and Two-dimensional Gel Electrophoresis Separation-Parasites for two-dimensional gel electrophoresis were released with 0.05% saponin from 60-ml culture samples (two biological replicates) and washed with phosphate-buffered saline to reduce contamination with erythrocyte proteins. Two-dimensional gel electrophoresis was performed as described (44) with a few modifications. Two biological replicate extracts were combined to obtain enough protein for three to four replicate gels. The protein concentration was determined with a two-dimensional Quant kit (Amersham Biosciences), and 400 g of total protein was applied to 18-cm Immobilon DryStrip gels (pH 3-10, GE Healthcare). The first dimension separation was performed with a Ettan IPGphor II isoelectric focusing system with active rehydration at 30 V for 10 h followed by a gradual step-and-hold increase to 8000 V for a total of 24,000 V h. The run was terminated after 35,000 V h. The second dimension separation was performed on 10% vertical SDS-polyacrylamide gels with a Hoefer SE 600 vertical system at 80 mA and 20°C. The gels were fixed with 40% ethanol, 10% acetic acid overnight and stained with in Flamingo fluorescent stain (Bio-Rad). Twenty one gels were scanned with a Pharos FX Plus molecular imager at high and medium intensity (photomultiplier tube voltage), and the best three of four were selected for spot matching and differential spot analysis.
Proteomics Data Analysis-Data analysis was performed with PDQuest 8.0 Advanced software (Bio-Rad). Roller-ball background subtraction, loess normalization, and automated spot detection and matching were performed. The automated spot matching was carefully checked by visual inspection and comparison for maximum consensus within each replicate group. A master image was generated, including all replicate groups to be compared. Differential protein abundance was calculated in comparison with UT t1 (relative t 0 ). Proteins in at least one treated time point with an abundance greater than 2-fold in either direction compared with relative t 0 , and p values of less than 0.05 (Student's t test), were regarded as differentially affected. Correlation coefficients (R) of the regression line between replicate groups were calculated in PDQuest.
Spot Excision and MALDI-MS/MS-Spots of interest were excised, purified, trypsin-digested and prepared for MALDI-MS/MS as described (44), followed by peptide analysis with a QStar Elite instrument (Applied Biosystems) with a MALDI source. The instrument was calibrated with a commercially available peptide calibration standard ranging from ϳ1000 to 3200 Da (Bruker Daltonics). Peptide mass finger prints and MS/MS fragments were compared with a nonredundant protein data base (Swiss-Prot/TrEMBL) using MASCOT with oxidation (methionine) and carbamidomethylation set as protein modifications, only one missed trypsin cleavage accepted and a mass tolerance of 50 ppm. The probability-based MOWSE score was used to estimate the significance of the identification with p Ͻ 0.05.
Metabolite Extraction and LC-MS/MS
-From 20-ml culture samples (two biological replicates), 10 ml was used for general metabolite analysis, and 10 ml was derivatized for polyamine analysis. Cultures were pelleted and serially extracted immediately thereafter, first with 4 volumes of 100% methanol at Ϫ75°C for 15 min and then twice more with 1 volume 80:20 methanol/water at 4°C. For the second and third extractions, the cell/methanol mixture was sonicated for 15 min on ice in a water bath sonicator. The supernatants from each extraction were pooled and centrifuged free of cell debris and protein. All samples were analyzed within 24 h of their generation and were analyzed for 167 metabolites as described (45, 46) , as well as putrescine, spermidine, spermine, cadaverine, and decarboxylated AdoMet (dcAdoMet). The dcAdoMet standard used for calibration was a kind gift by K. Samejima (Josai University, Japan).
For polyamine analysis, 10 l of triethylamine was added to 100 l of cell extract and mixed. A few crystals of solid succinic anhydride were then added, and the mixture was vortexed vigorously. The reaction was allowed to proceed for 1 h at room temperature, with vortexing every 10 min. After this incubation the samples were centrifuged to pellet any remaining solid succinic anhydride, and the liquid portion of the sample was subjected to LC-MS/MS analysis using parameters previously determined with pure stock solutions of putrescine, cadaverine, spermidine, and spermine.
LC-MS/MS was performed using an LC-10A high pressure liquid chromatography system (Shimadzu) and a Luna aminopropyl column (250 ϫ 2 mm with a 5-m particle size) from Phenomenex coupled to the mass spectrometer. The LC parameters were as follows: autosampler temperature, 4°C; injection volume, 20 l; column temperature, 15°C; and flow rate, 150 l/min. The LC solvents were solvent A (20 mM ammonium acetate ϩ 20 mM ammonium hydroxide in 95:5 water/acetonitrile, pH 9.45) and solvent B, acetonitrile. The gradients are as follows: positive mode, t ϭ 0, 85% B; t ϭ 15 min, 0% B; t ϭ 28 min, 0% B; t ϭ 30 min, 85% B; t ϭ 40 min, 85% B; and negative mode, t ϭ 0, 85% B; t ϭ 15 min, 0% B; t ϭ 38 min, 0% B; t ϭ 40 min, 85% B; t ϭ 50 min, 85% B.
Mass spectrometric analyses were performed on a Finnigan TSQ Quantum Ultra triple-quadrupole mass spectrometer (Thermo Electron Corp.), equipped with an ESI source. ESI spray voltage was 3200 V in positive mode and 3000 V in negative mode. Nitrogen was used as sheath gas at 30 p.s.i. and as the auxiliary gas at 10 p.s.i., and argon as the collision gas at 1.5 millitorr, with the capillary temperature 325°C. Scan time for each single reaction monitoring event transition was 0.1 s with a scan width of 1 m/z. The LC runs were divided into time segments, with the single reaction monitoring scans within each time segment limited to those compounds eluting during that time interval. For compounds eluting at the boundaries between time segments, the single reaction monitoring scan corresponding to the compound is conducted in both time segments. The instrument control, data acquisition, and data analysis were performed by the Xcalibur software (Thermo Electron Corp., version 1.4 SR1), which also controlled the chromatography system.
Metabolomics Data Analysis-Raw data peak quantitation was performed by Xcalibur software with 10 3 as the quantitation limit. Biological replicate data were averaged, background subtracted, and normalized to relative t 0 in Excel. Metabolites with a fold change of 2 were regarded as changed.
RESULTS
The global response of P. falciparum during cytostasis resulting from PfAdoMetDC/ODC co-inhibition was examined. Both catalytic sites of the bifunctional enzyme were simultaneously inhibited with MDL73811 (AbeAdo) and DFMO, respectively. The functional genomics investigation was preceded by enzyme activity and morphological studies of drugtreated (T) versus untreated (UT) parasites to ensure complete growth arrest at the treatment dosage and to determine sampling times. Complete enzyme inhibition of both AdoMetDC and ODC was confirmed because no decarboxylase activity was observed in the treated samples (T t1 to T t3 ) compared with increasing enzyme activity in UT t1 to UT t3 (results not shown). Growth arrest was observed morphologically from the trophozoite stage with no visible effect during the ring stage, corresponding with previous reports (12, 14) . Parasites were subsequently sampled in the early (t 1 ϭ 19 hpi), mid (t 2 ϭ 27 hpi), and mature (t 3 ϭ 34 hpi) trophozoite stages such that the normal expression period of PfAdoMetDC/ODC (12-40 hpi) was spanned (Fig. 1A) .
Transcriptome Analysis Reveals Transcriptional ArrestTranscriptome analyses of treated and untreated parasites harvested at the abovementioned time points were performed with oligonucleotide-based DNA microarray containing 8088 70-mer oligonucleotides and using a reference design (34) . Fast Fourier analysis has been applied previously to calculate the apparent phase and frequency of gene expression in the IDC transcriptome (37, 38) . Subsequently, by ordering the PfAdoMetDC/ODC co-inhibition transcriptome data according to the phase of expression, as determined for the 3D7 strain (38) , cytostasis was revealed as a generalized transcriptional arrest across T t1 to T t3 with normal IDC progression visible in UT t1 to UT t3 (Fig. 1B) . In general, expression of genes that were already transcribed before the effect of the treatment (IDC peak expression before or around t 1 ) was unchanged, whereas genes that were not yet transcribed (IDC peak expression in second half of 48-h cycle, e.g. t 2 and t 3 ) showed no or low transcript abundance.
Pearson correlation (r) of the data with each of the 1-h time points of the 3D7 IDC transcriptome (38) indicated the highest correlation of UT t1 (19 hpi) at 14 -15 hpi of the IDC data with the three treated samples following closely thereafter at 15-16 hpi (Fig. 1C ). This correlation with the IDC aligned the two data sets in terms of expression times and indicated the approximate time of transcriptional arrest. Thus, all three treated samples were arrested at around t 1 (Fig. 1, B and C) , and correlation between the treated data was relatively close (T t1 versus T t2 , r ϭ 0.77; T t2 versus T t3 , r ϭ 0.89; T t1 versus T t3 , r ϭ 0.61 (Fig. 1A) ). Pearson correlation was also calculated between the treated and untreated data to estimate the impact of the drug treatment on the parasite transcriptome. UT t1 versus T t1 correlated at 0.72, but due to transcriptional arrest of treated and normal progression of untreated parasites, UT t2 versus T t2 was uncorrelated (r ϭ 0.07) and UT t3 versus T t3 was anti-correlated (r ϭ Ϫ0.61, Fig. 1A ) after 40 h of treatment. Conversely, in the absence of transcriptional arrest array data of doxycyclinetreated versus untreated P. falciparum was still highly correlated (r ϭ 0.8) after 55 h (47). As expected, growth arrest occurred after transcriptional arrest and was morphologically visible only from T t2 with parasites looking distressed compared with their untreated counterparts (Fig. 1A) .
Differential Transcript Abundance Despite Transcriptional Arrest-To identify the transcripts with differential abundance within the transcriptome as a result of the perturbation, a quantitative approach was followed with LIMMA analysis within R. The global transcriptional arrest caused by PfAdoMetDC/ODC co-inhibition negated the direct comparison of treated and untreated data at t 2 and t 3 , as this standard approach would have detected mainly growth/stage differences. Therefore, in differential transcript abundance analysis, all treated time points were compared with UT t1 , regarded as a relative t 0 , mediated by the reference design of the microarray. Comparison to the real t 0 would also primarily have identified stage differences because drug treatment was performed in the late schizont stage, but cytostasis and sampling occurred in the subsequent trophozoite stage. Over the time course, the abundance of 538 transcripts from 5332 unique genes represented on the array were significantly affected compared with the relative t 0 (supplemental Table S1 ). Of these, 171 transcripts were increased (up to 3.2-fold), and 377 were decreased (down to 5-fold), with the transcripts of 10 apparently unrelated genes falling in both categories by displaying an increase in t 1 as well as a decrease in t 2 and/or t 3 . A selected subset of the differentially affected transcripts is presented (Table 1) , including eight transcripts from polyamine and methionine metabolism and three methyltransferases.
The 538 transcripts were classified into 14 functional groups (supplemental Fig. S1 ) using gene ontology terms obtained from DAVID and PlasmoDB. The transcripts with the most increased abundance were related to RNA metabolism (9%), translation (10%), and host/parasite interaction (11%), whereas those with decreased abundance mostly represented DNA (7%) and primary metabolism (8%, including carbohydrate, lipid, and energy metabolism). The increase of transcripts associated with host/parasite interaction (including surface antigens) is regarded as a general stress response (22, 48) . Transcripts related to mitochondrial and plastid metabolism, including organellar translation, were generally decreased, whereas those related to ribosomal translation were increased. As expected with growth arrest, cell cycle regulators were affected, which included three cyclin-associated transcripts ( Table  1 ). The limited annotation status (only ϳ40%) of the P. falciparum genome (49) was also reflected in the dataset with 51% of the transcripts encoding hypothetical proteins with unknown biological function.
The accuracy of the dataset was validated with real time PCR, which confirmed the differential abundance of three increased and three decreased transcripts, including lysine decarboxylase (LDC, PFD0285c), OAT (ornithine aminotransferase, PFF0435w), and Sadenosylmethionine synthetase (AdoMet synthetase, PFI1090w) (supplemental Table S2 ). Relatively low abundance transcripts within the dataset were validated by the inclusion of LDC and dihydrofolate reductase/thymidylate synthase (DHFR/TS, PFD0830w) in the real time PCR strategy.
Perturbation-specific Transcriptional Responses-The majority (70%) of the differentially affected transcripts were decreased and similarly so for polyamine and methionine metabolism, with the abundance of only two transcripts, LDC and OAT, being increased by 2.8-and ϳ2-fold, respectively. The transcript level for PfAdoMetDC/ODC, the protein that was targeted by DFMO and MDL73811, was decreased by ϳ2-fold. Thus, despite the transcripts for LDC and PfAdoMetDC/ ODC being expressed at approximately the same time in the IDC (25 and 24 hpi, respectively), the transcript for LDC was increased and that of PfAdoMetDC/ODC was decreased, which illustrates the differential effects of the co-inhibition on the abundance of specific transcripts. Based on reports in other systems, the increase of the transcripts for LDC (50) and OAT (51) and the decrease of that for AdoMet synthetase (52) were regarded as compensatory to alleviate the effects of the perturbation.
Interestingly, several of the decreased abundance transcripts translate to proteins that are known to require polyamines for optimal functioning, protection, or gene expression in other organisms (Table 1) . These, for example, include the transcript FIGURE 1. Transcriptional arrest prior to cytostasis. A, Giemsa-stained thin smears of treated (T) and untreated (UT) P. falciparum cultures. DFMO/MDL73811 treatment was initiated in the schizont stage at about 42 hpi (real t 0 ) and sampled at t 1 ϭ 19 hpi, t 2 ϭ 27 hpi, and t 3 ϭ 34 hpi. Pearson correlation coefficients (r) of transcriptome data are tabled. The close correlations between UT t1 and T t1 to T t3 compared with the low correlation with the matched untreated controls at t 2 and t 3 is the result of transcriptional arrest at t 1 (technical replicates correlated at 0.93 and biological replicates at 0.88 on average). However, growth arrest was morphologically observed only from t 2 (T t2 to T t3 ). The transcriptional arrest negated direct comparison of parallel treated and untreated time points at t 2 and t 3 , and UT t1 was defined as a relative t 0 for quantitative differential abundance analysis. B, phaseogram depicting the transcriptional profiles over the three time points (t 1 to t 3 ) by ordering 3206 oligonucleotides according to the phase of expression. Transcriptional arrest is visible in T t1 to T t3 . C, Pearson correlation between the PfAdoMetDC/ODC co-inhibition data and the 1-h time points of the 3D7 IDC transcriptome. All three treated samples have a correlation profile similar to UT t1 (relative t 0 ), which corroborates the transcriptional arrest and also indicates the approximate time thereof as ϳ15-16 hpi. Data of the respective biological replicates (A and B) are shown separately (T t1 had only one biological replicate because of technical difficulty). for DNA topoisomerase II (PF14_0316) (53), three oxidative stress defense transcripts (54) , and transcripts involved with zinc transport and energy metabolism (55) , which were all decreased.
The possible enrichment of the differentially affected transcript data for transcripts of proteins functionally connected to polyamine and methionine metabolism were investigated by comparison with the in silico predicted interactome of PfAdoMetDC/ODC (56) . These networks were constructed using among others the IDC transcriptome (37, 56) . Sixty percent (12:20) of the top 20 (highest probability) scored binding partners of PfAdoMetDC/ODC was found within the dataset of 538 (supplemental Table S3 ). In contrast, the transcripts of only 10% (2:20) of the top 20 binding partners of another unrelated bifunctional protein (dihydropteroate synthase/dihydroxymethylpterin pyrophosphokinase (PF08_0095)) were present among the 538, thereby excluding random overlap (supplemental Table S3 ). Although the interactome is a theoretical interaction prediction that requires experimental verification, these analyses may suggest enrichment of the differentially affected transcript data for transcripts of proteins that interact with PfAdoMetDC/ODC and/or are functionally related to polyamine and methionine metabolism.
During data analysis, it was noticed that several of the differentially affected transcripts were encoded by genes that were physically located adjacently or in close proximity at the chromosomal level. The dataset of 538 was therefore evaluated for clusters of adjacently located genes, where a cluster was defined as four or more genes within a window of six adjacent genes with transcripts within the dataset. Seven such adjacent gene clusters were found among the decreased abundance transcripts and none among the increased abundance transcripts. The seven clusters were distributed over chromosomes 7, 10, and 11, respectively (supplemental Table S4 ). Particularly significant was a cluster of 11 genes on chromosome 10 (PF10_0014 to PF10_0025) that lie back-to-back on the same strand, with only one gene (PF10_0018) missing in the entire stretch of ϳ41,000 bases. PF10_0018 produces a low abundance transcript, which was most likely affected in the same way but was not detected. Decreased transcription of colocalized genes may be due to a common transcription factor that became nonfunctional in the absence of polyamines. However, the genes within these clusters are not all co-expressed according to the IDC transcriptome and nuclear expression of contiguous genes are rarely co-regulated in P. falciparum (37) .
Perturbation-specific Compensatory Mechanisms
Confirmed in the Proteome-To further probe the effects of the perturbation, PfAdoMetDC/ODC co-inhibition was repeated, and the effects were assessed on the parasite proteome with two-dimensional gel electrophoresis. As in the transcriptome, cytostasis resulted in a high correlation between the gels of the relative t 0 (UT t1 ) and the three treated time points (UT t1 versus T t1 , r ϭ 0.93; UT t1 versus T t2 , r ϭ 0.88; UT t1 versus T t3 , r ϭ 0.88) and a lower correlation with UT t2 and UT t3 (UT t1 versus UT t2 , r ϭ 0.78; UT t1 versus UT t3 , r ϭ 0.70). The effects of cytostasis on the proteome were more subtle than in the transcriptome, but the perturbation caused an overall decrease in the number of proteins detected over the time course (UT t1 ϭ 483 spots; T t1 ϭ 461; T t2 ϭ 409; T t3 ϭ 416).
As with the transcriptome analysis, the effects of PfAdoMetDC/ODC co-inhibition on the proteome were quantified with differential protein abundance analysis compared with the defined relative t 0 . Forty one spots with significant differential abundance were excised (supplemental Table S5 ), of which the majority had low molecular weight and low intensity. Similar to another two-dimensional gel electrophoresis plasmodial study (57) , around 30% of the spots could be identified with MALDI-MS/MS. The identification scores and characteristics of a subset of the differentially affected proteins are provided (Fig. 2B) . These include proteins involved with polyamine and methionine metabolism, namely AdoMet synthetase, OAT, and pyridoxal 5Ј-phosphate (PLP) synthase (Pdx1, PFF1025c). The latter protein was increased 2.5-fold and synthesizes PLP, which is an important co-factor for both PfAdoMetDC/ODC and LDC (58) . The differential protein abundance of OAT and AdoMet synthetase (Fig. 2C ) correlated with their transcript abundance after PfAdoMetDC/ODC coinhibition (Table 1) , which confirmed these compensatory mechanisms in the proteome and furthermore suggested transcriptional control of these proteins. For other proteins (e.g. falcipain-2 (PF11_0165) and Pdx1), incremental changes on the transcript level (therefore not present in supplemental Table  S1 ) resulted in significant changes on the protein level (Fig. 2B) . Furthermore, the transcriptional response was sometimes delayed in the proteome, e.g. the lactate dehydrogenase (PF13_0141) transcript was decreased 1.8-fold in the treated parasites at t 1 , whereas the protein was increased 2.8-fold. However, during the time course the lactate dehydrogenase protein gradually decreased to the same level as that of the relative t 0 (i.e. unchanged). The same effect was observed for elongation factor 2 (PF14_0486). This delay in translation Hypothetical protein with cyclin homology 1.8 37
a Average fold change was calculated at the time point of maximum change.
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(translational gap) was also reported, specifically for these two proteins, in a comparative study of the Plasmodium transcriptome and proteome (59) , and implicates post-transcriptional regulation of expression for these specific proteins (59). Perturbation-specific Compensatory Mechanisms Confirmed in the Metabolome-The effects of PfAdoMetDC/ODC co-inhibition were also evaluated in the parasite metabolome by assaying 172 metabolites over the time course with LC-MS/MS as described (45, 46) . Reliable data were obtained for 92 metabolites (supplemental Table S6 ) with the balance excluded because of levels below the detection or set quantitation limit. Differential metabolite abundance was again quantified compared with the relative t 0 , and 24 metabolites were changed at least 2-fold (supplemental Table S6 ), although many of these were similarly affected in the untreated controls. Compellingly, the perturbation-specific effects of PfAdoMetDC/ODC co-inhibition were specifically observed in the parasite metabolome by the significant decrease of the polyamines (putrescine and spermidine, Fig. 3A ) in the treated parasites compared with increasing levels in the untreated controls (supplemental Table  S6 ). Moreover, downstream metabolites, including 5-methylthioinosine (Fig. 3A) , were also decreased, corroborating the complete metabolic halt of polyamine metabolism after the co-inhibition.
The proposed compensatory responses of LDC, OAT, and AdoMet synthetase were also investigated in the metabolome. The increased abundance in LDC transcripts could indicate the functional production of cadaverine from lysine by this protein in P. falciparum, but cadaverine could not be detected. A reduced production of AdoMet synthetase was observed after complete inhibition of PfAdoMetDC/ODC, and metabolome analysis revealed no change in the levels of AdoMet (Fig. 3B) . In other organisms, inhibition of AdoMetDC caused an increase of the substrate AdoMet (60); however, in Plasmodium AdoMet homeostasis is apparently maintained by decreasing the synthesis thereof through a reduced production of AdoMet synthetase as reflected in the decreased transcript and protein abundance. Moreover, ornithine levels remained unchanged (Fig. 3B ) and appeared to be regulated through a compensatory increase in OAT as also detected in both the transcriptome and the proteome. The observed increase of the glutamate metabolites, ␥-aminobutyrate (GABA) and ␣-ketoglutarate, may additionally be due to increased ornithine degradation via OAT ( Fig. 3B) . However, both these metabolites were also significantly increased in the untreated parasites, and GABA was recently reported to be one of the most abundant metabolites in isolated trophozoites (61) . Several other relevant metabolites, namely spermine, dcAdoMet, and PLP, were not detected or could not be reliably quantified.
DISCUSSION
Cytostatic drugs, including DFMO, have been therapeutically used in the treatment of protozoan diseases such as West African sleeping sickness (8) . Global expression profiling after treatment with cytostatic drugs has been performed in cancer (62, 63) but not in multistage organisms such as P. falciparum. Although the cytostatic effects of DFMO and MDL73811 are well established, the exact mechanism by which the induced polyamine depletion results in growth inhibition is not clear (64) . In this investigation, the transcriptional arrest preceding and resulting in cytostatic growth arrest due to polyamine depletion was demonstrated for the first time to our knowledge in any organism. P. falciparum is a multistage organism, and the transcriptional arrest of highly synchronized treated parasites compared with normal transcriptional progression of untreated parasites was clearly visible when the transcript data were ordered according to peak expression times within the IDC. Pearson correlation calculations indicated the approximate time of transcriptional arrest to occur at about 15-16 hpi, thus late ring/early trophozoite stage, which correlates to the estimated time of PfAdoMetDC/ODC expression, indicating the perturbation-specific effect only after production of the targeted protein. The exact mechanism by which polyamine depletion results in transcriptional arrest requires further elucidation, but their importance in macromolecular synthesis (including RNA and proteins, e.g. transcription factors) (33), optimal ribosome functioning (65) , and the association of the main fraction of polyamines with RNA (2) is well known.
The transcriptional arrest of treated and normal progression of untreated parasites negated direct comparison at t 2 and t 3 , as these would have mainly encompassed growth/stage differences. Therefore, in differential abundance analysis, all treated time points were compared with UT t1 , regarded as a relative t 0 and reference point for quantitative analysis. This critical principle was applied through the whole functional genomics investigation. Despite the generalized transcriptional arrest, the abundance of 538 transcripts was significantly changed with fold changes ranging between 3.2-fold up and 5-fold down. This is in agreement with other transcriptome reports of perturbed Plasmodium where relatively small amplitude transcriptional responses were detected, especially in the increased abundance datasets (22, 48) .
The most dramatic perturbation-specific transcriptional responses were the significant increase of the transcripts for LDC and OAT and the decrease of the transcript for AdoMet synthetase (Fig. 4) . Lysine decarboxylation produces cadaverine, a diamine, and structural analogue of putrescine. LDC activity and cadaverine accumulation have been reported to alleviate ethylene inhibition of arginine decarboxylase and AdoMetDC in pea seedlings (50) and 0.4 mM cadaverine partially reversed DFMO-induced growth arrest in Plasmodium (14) . LDC induction as compensatory mechanism for polyamine depletion in Plasmodium remains to be confirmed because the protein could not be detected by two-dimensional gel electrophoresis or cadaverine with LC-MS/MS. However, the possible inhibition of the induced LDC via DFMO, as in Selenomonas ruminantum (66) , cannot be excluded. The transcripts for LDC and PfAdoMetDC/ODC are expressed at approximately the same time in P. falciparum (25 and 24 hpi, respectively), which is expected should LDC serve as a compensatory mechanism for polyamine/diamine biosynthesis. The increased transcript abundance of LDC may indicate a potential resistance mechanism should PfAdoMetDC/ODC be clinically targeted in the future.
The increased levels of OAT transcripts and protein observed in this study and the maintenance of ornithine concentrations in the metabolome provide evidence for compensatory effects of OAT in PfAdoMetDC/ODC co-inhibited P. falciparum. OAT catalyzes both the synthesis of ornithine from glutamate-5-semialdehyde when levels are low as well as its degradation to proline and glutamate when present in excess (67) to prevent toxic ornithine accumulation (51) .
DFMO/MDL73811 treatment of trypanosomes caused a 40-fold accumulation of AdoMet (68) , which resulted in speculation on hypermethylation of nucleic acids and/or proteins being the main anti-trypanosomal mechanism of MDL73811 (60) . However, this study shows that AdoMet concentrations were maintained in P. falciparum. Several mechanisms could restore such metabolic homeostasis during a perturbation such as regulation of enzyme activity or protein production. This . Selected metabolite profiles during cytostasis induced by PfAdoMetDC/ODC co-inhibition. A, putrescine, spermidine, and 5-methylthioinosine levels decreased as expected, but cadaverine and spermine were too low for reliable detection. B, AdoMet and ornithine levels did not accumulate despite PfAdoMetDC/ODC co-inhibition, but ornithine enters glutamate metabolism via OAT, and the glutamate metabolites, ␣-ketoglutarate and GABA, increased. study revealed a decrease of both the transcript and protein of AdoMet synthetase that may act as a compensatory strategy induced to maintain AdoMet levels. The exact mechanism behind this regulation needs to be elucidated, but in MDL73811-treated mammalian cells the AdoMet concentration was effectively regulated through substrate feedback inhibition of AdoMet synthetase activity (52, 60) . In contrast, the trypanosomal enzyme is apparently poorly regulated resulting in the substantial accumulation of AdoMet after AdoMetDC inhibition (60) . Plasmodial AdoMet synthetase activity may therefore also be regulated by AdoMet similar to mammalian systems, but this needs to be confirmed. Moreover, the proposed difference in regulation of AdoMet synthetase between Trypanosoma and Plasmodia, resulting in hypermethylation with polyamine depletion in the first case and possibly only polyamine depletion in the second case, may be the reason for the success of MDL73811 in Trypanosoma brucei rhodesienseinfected mice (69) and failure of MDL73811 in P. berghei-infected mice (12) .
The coordinated response on the transcript, protein, and metabolite levels as demonstrated for AdoMet synthetase and OAT is evidence that the parasite is able to respond in a programmed manner on the transcriptional level to perturbation of polyamine and methionine metabolism. This is corroborated by other transcriptome studies of polyamine-depleted P. falciparum. Increased transcript levels of OAT was also reported after treatment with DFMO alone (70) , and inhibition of spermidine synthase (the enzyme downstream to PfAdoMetDC/ ODC) also resulted in increased transcript levels of LDC. 3 In contrast, the transcripts for neither OAT, LDC, nor AdoMet synthetase were differentially affected after exposure of P. falciparum to a variety of other perturbations including a series of anti-malarial drugs and environmental stressors (23, 25, 48) . 4 It therefore appears as if these transcriptional responses are specific to the perturbation of polyamine and methionine metabolism in P. falciparum.
A number of transcriptome studies of environmentally perturbed Plasmodium detected compensatory transcriptional responses (21) (22) (23) , but few of these were confirmed on the pro- . Plasmodial spermine synthesis is currently believed to be catalyzed by spermidine synthase as indicated (75) . Enzymes of which the transcript abundance was significantly increased are indicated in red and those significantly decreased are indicated in green, whereas proteins with confirmed corresponding abundance are framed with a thick border. Metabolites that were unchanged or that were increased or decreased at least 2-fold are indicated.
teome/metabolome level, and others failed to detect such programmed responses (48, 71, 72 ). An important difference of this study is that highly synchronized cultures were used compared with the asynchronous cultures used in most perturbations of Plasmodium reported up to now. The transcriptional arrest and general cytostasis demonstrated would have been masked if asynchronous cultures had been used, and defining a reference point for quantitative analysis (relative t 0 ) would have been difficult. The use of synchronized cultures thus enabled comparison with the IDC transcriptome, and transcripts from treated samples with profiles that deviated from their IDC profiles further substantiated the findings of the differential abundance analysis.
The limited evidence of compensatory feedback and small amplitude of transcriptional responses upon perturbation of P. falciparum compared with other organisms, e.g. M. tuberculosis (20) , have been attributed to the dominant role of post-transcriptional mechanisms of gene regulation (27, 71, 73) . However, recently a cascade of AP2 transcription factors were proposed to control transcription during the IDC (74) . In this study, the transcript and protein levels correlated well for some genes (e.g. OAT and AdoMet synthetase), indicating a predominant transcriptional level of regulation. However, others (e.g. lactate dehydrogenase, elongation factor 2, falcipain, and Pdx1) seem to have a delay between transcript and protein production, which may implicate involvement of post-transcriptional regulatory mechanisms. Additionally, in this study compensatory responses specific to polyamine and methionine metabolism were detected in the transcriptome, which provide convincing evidence of regulation occurring at the transcriptional level in P. falciparum after exogenous perturbations. Comprehensively, this was also confirmed in the proteome and metabolome (Fig. 4) .
In conclusion, evidence was presented here of the response of a multistage organism, P. falciparum, to cytostasis upon polyamine depletion. There was a clear correlation between the perturbation and the transcriptional response observed in the parasite, which indicates the presence of transcriptional regulatory mechanisms in P. falciparum. This was translated in certain cases to the parasite proteome and metabolome. Together, the results imply that compensatory mechanisms are induced in P. falciparum after polyamine depletion, which corroborates the biological importance of this pathway to the malaria parasite.
